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Numerical Investigations of Bio-Inspired Blade Designs
to Reduce Broadband Noise in Aircraft and Wind
Turbines
Bharat Raj Agrawal∗ and Anupam Sharma†
Department of Aerospace Engineering,
Iowa State University, Ames, IA, USA, 50011.
Simplified representations of the leading edge serrations in owl feathers are modeled
numerically to investigate their effectiveness in reducing inflow turbulence noise. The rod
wake-airfoil interaction problem is selected for this investigation. Two numerical methods
utilizing compressible- and incompressible large eddy simulation techniques are used for
the analyses. The methods are first validated against experimental results for the baseline
airfoil (no serrations). Good agreement is observed between measurement and predictions
for mean surface pressure, near-field velocity spectra, and far-field sound spectra. Two
serrated leading edge blade designs are then analyzed for noise. The leading edge serrations
are found to give a noise reduction of up to 5 decibels in the mid-to-high frequency range.
I. Introduction
The unprecedented growth in the use of unmanned aerial vehicles (UAVs), civil aviation, and wind
turbines gives a new dimension to the problem of noise emitted by these machines - the noise problem will
no longer be limited to spatial pockets near airports or wind farms. UAVs will be flying a few hundred feet
over our houses and landing in our front yards. Wind turbines similarly will be in much closer proximity to
our homes with the five-fold increase in wind energy capacity envisioned by the Department of Energy.1 The
increased number and proximity of these machines to humans is bound to exacerbate the aerodynamic noise
issue. The adverse effects on health of noise in general,2 aircraft noise,3,4 and wind turbine noise,5,6 are well
known. With such widespread impact, noise reduction is no longer a nice-to-have, but an enabling technology
for next-generation energy and propulsion machines. Efforts to silence these machines will undoubtedly have
a significant impact on our lives.
Nature inspires great innovations. Bio-mimicry has already provided some outstanding innovations in a
variety of engineering applications.7 Termite mounds have inspired temperature-regulated buildings,8 the
hydrophobic lotus leaf has inspired self-cleaning paints,9 the kingfisher bird has inspired Japan’s Shinkasen
(high-speed train), etc. One such biological marvel that is yet to find its due application in engineering is
the night owl with its ability to fly silently. Of all the vehicles known to man only the owl is capable of
almost silent flight.10 One species of the night owl - the common barn owl (Tyto alba) - is particularly adept
at flying silently. Henceforth, the common barn owl shall be referred to as the owl. The owl has evolved for
over 20 million years to perfect its silent flight. Ornithologists have reported11 the unusually quiet flight of
the owl as early as in the 1930s. It is likely that the acoustic stealth capability (“hush kit”) of the owl has
been known for much longer.
The owl needs to have silent flight for two reasons:12 (1) to aurally locate the prey in the dark; this
supplements its brilliant vision, and (2) to avoid aural detection by the prey. The owl is completely inaudible
in its flight if it is more than 3 meters away.13 Early investigations13,14 have reported three key anatomical
features (unique feather adaptations) of the owl that enable its acoustically silent flight:
1. Stiff comb-like structure at the leading edge of the wing,
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†Assistant Professor, 2341 Howe Hall, Ames, IA, 50011. sharma@iastate.edu. AIAA senior member.
1 of 15
American Institute of Aeronautics and Astronautics
2. Flexible fringe like structure at the trailing edge of the wing, and
3. Soft, thick downy coat on the wings and legs.
The comb-like structure (referred to as serrations) is formed by extensions of the barbs of the 10th
primaries of the owl. The fringe structure, present on each primary feather, is formed by extensions of the
barbs that make up the posterior part of the vane. The thick downy (velvety) coat on the feathers and legs
acts as a poroelastic surface. Each of these features serves a distinct purpose in its silent flight. Figure 1 is
an illustration with close-ups to show the noise reducing features of the owl.
Figure 1: Unique feather adaptations of the owl that enable its silent flight (1) serrations at the leading
edge of the wing, (2) fringe at the trailing edge, and (3) soft, thick down coat. The bottom two zoom images
on the right are from References.13,15
This paper focuses on leading edge serrations of the owl and investigates if blade designs inspired by this
unique feather adaptation can assist in reducing aerodynamic noise from next-gen propulsion and energy
machines. Particular emphasis is laid on the problem of inflow turbulence noise. Chord-based Reynolds
number of the owl in gliding flight is between 50,000 – 90,000. Small-scale micro- and unmanned aerial
vehicles (MAVs/UAVs) operate in a similar Reynolds number regime. Figure 2 illustrates the range of
Reynolds number over which various flying machines and animals, including the owl, operate. Bio-mimetic
designs based on the owl wing would therefore apply directly to such UAVs and MAVs where the flow over
the blades/wings is expected to be predominantly laminar. The objective of this paper however is to explore
if similar bio-inspired designs can also mitigate noise at much higher Reynolds numbers (105 − 107), where
the flow is expected to be turbulent. Application of bio-inspired designs in this high Reynolds number regime
would facilitate development of ultra-quiet aircraft engines and wind turbines.
II. Numerical Methodology
Two numerical approaches are used to estimate aerodynamic sound generation. In one approach, hydro-
dynamics is computed by assuming the flow to be incompressible, while in the other this assumption is relaxed
and compressibility effects are accounted for. Both approaches use the large eddy simulation methodology
where only the larger-scale, energy containing eddies are resolved. The smaller-scale turbulence is either
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Figure 2: Chord based Reynolds number of various species compared with different aircraft
modeled using some sort of universal, sub-filter scale model, or removed by performing low-pass filtering
(‘implicit LES’). The incompressible flow solver used in the study is pimpleFoam (part of the OpenFOAM
software suite), while FDL3DI16 is used as the compressible flow solver. Noise radiation is computed using:
(a) Curle’s theory17 with incompressible flow simulation data, and (b) Ffowcs Williams-Hawkings acoustic
analogy18 with compressible flow data.
Previous work by the authors19,20 documents the details of these two noise prediction approaches. A
brief summary is provided here for completion. The compressible solver used in this study (FDL3DI) is
different from that used in previous studies and its details are presented here.
FDL3DI solves the full Navier-Stokes equations on curvilinear meshes. Compact finite difference schemes,
up to sixth-order accurate, are used to discretize space. Time integration can be performed either explicitly
using the four-stage Runge-Kutta method, or implicitly using the second-order accurate Beam Warming
scheme.21,22 For numerical stability, high-order (up to 10th order) low-pass spatial filters are applied. The
solver can be run in large eddy simulation (LES) mode with the sub-grid stresses (SGS) modeled implicitly
(’implicit’ LES) using discriminating spatial filters to remove energy in the unresolved scales. The code can
work with multi-block overset (Chimera) meshes with high (up to 10th) order interpolation methods that
allow extending the spectral-like accuracy of the solver to complex geometries. This requires a minimum of
five-point overlap between blocks. Spatial decomposition with the message passing interface (MPI) library is
used to achieve parallel execution. The performance of the software can be further enhanced on multi-core
machines by using multiple OpenMP threads. Inter-processor boundaries are treated using the overset mesh
capability with high order interpolation algorithms. The governing fluid flow equations (solved by FDL3DI),
after performing a time-invariant curvilinear coordinate transform (x, y, z) → (ξ, η, ζ) written in a strong
conservation form are
∂
∂t
(
U
J
)
+
∂FˆI
∂ξ
+
∂GˆI
∂η
+
∂HˆI
∂ζ
=
1
Re
[
∂Fˆv
∂ξ
+
∂Gˆv
∂η
+
∂Hˆv
∂ζ
]
, (1)
where J is the Jacobian of the coordinate transformation, U = {ρ, ρu, ρv, ρw, ρE}; the expressions for inviscid
flux terms, FˆI , GˆI , HˆI and viscous flux terms, Fˆv, Gˆv, Hˆv are provided in Ref.
16 We perform ‘implicit’ LES
simulations using FDL3DI by employing sixth-order spatial accuracy and the second order implicit time
integration scheme. No subgrid scale model is used and dissipation at viscous scales is achieved by low-pass
filtering the solution at every time step.
The acoustic levels in the far-field are obtained by solving the Ffowcs Williams-Hawkings equation, Eq. 2
written in frequency domain.
4pipˆ′(x, ω)H(S) =−
∫∫
S
iωQˆn(x
′, ω) G(x,x′;ω) dS
−
∫∫
S
Fˆi(x
′, ω)
∂G(x,x′;ω)
∂x′i
dS
−
∫∫∫
V
Tˆij(x
′, ω)H(S)
∂2G(x,x′;ω)
∂x′i∂x
′
j
dV. (2)
In Eq. 2, the expensive volume integral term is ignored; this assumption is valid for low-Mach number flows
where the volume sources are much weaker than surface sources. The other two terms are called equivalent
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thickness and loading terms and are given by the expressions
Qn = Qini = [ρ(ui + u∞,i)− ρ∞u∞,i]ni, and
Fi = [Pij + ρ(ui − u∞,i)(uj + u∞,j) + ρ∞u∞,iu∞,j ]nj ,
and G(x,x′;ω) is the free-space Green’s function, and H(S) is the generalized Heaviside function.
A software to efficiently solve Eq. 2 was developed and validated. Analytical solutions for point sources
in a stationary medium are used to validated the FW-H equation solver. A point monopole, a dipole,
and a quadrupole are used as sources. A cube around the point source is used as the FW-H integration
surface and values for Qn and Fi are computed using the analytical solutions. Eq. 2 is then solved to
obtain sound pressure in the near- as well as far-field. Comparisons of the predicted and analytical acoustics
fields in Fig. 3 shows excellent agreement for both acoustic directivity and geometric spreading in the far
field. It is interesting that even though the actual implementation of the solution of Eq. 2 employs farfield
approximations, the solver is able to partially capture the near-field effects of point dipole and quadrupole.
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Figure 3: Validation of the Ffowcs Williams-Hawkings solver for point monopole, dipole, and quadrupole
sources in a stationary medium: (a) acoustic near- and far-field, and (b) directivities of the point sources.
The incompressible approach uses the PimpleFoam solver, which is a part of the OpenFoam software
suite. PimpleFoam solves the time-accurate, incompressible Navier Stokes equations using the PIMPLE
(merged PISO-SIMPLE) algorithm. We use the standard Smagorinsky approach23 to model sub-grid stresses,
although other models24–26 are also available. The PIMPLE algorithm theoretically allows the Courant-
Friedrichs-Lewy (CFL) number to be greater than unity while still maintaining numerical stability. However,
a CFL value of less than unity is used for LES to ensure adequate temporal resolution. Time discretization
is done using a second order implicit scheme. The non-dimensional flowfield is initialized everywhere with
uniform velocity, u˜∞ = 0.2, zero gauge pressure, and kinematic viscosity, ν˜ = 4.2 × 10−7. Freestream
boundary condition is used at the outer boundary where the velocity switches between zero gradient for
outflow and fixed (prescribed) value for inflow. Pressure boundary condition is zero gradient, which fixes
the flux across a boundary using freestream velocity. Gaussian integration with linear central differencing
interpolation is used in computing gradients, Laplacian and divergence terms, except the divergence of
the convective term, which is computed using linear upwind differencing interpolation. For farfield noise
computation with incompressible flow data, the Curle’s analogy requires time accurate pressure data on the
noise-radiating surfaces. Cross-spectral density of surface pressure is convolved with the free-space Green’s
function to obtain far-field noise. This is performed as a post-processing step. Validation of this approach
is documented in Refs.19,20
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III. Model Inflow Turbulence Noise Problem
The problem of interaction between the wake of a cylindrical rod and a downstream airfoil (extruded
to form a wing of unit aspect ratio) is used as a model problem to investigate the effect of leading edge
serrations on radiated noise. The cross-section of the rod is circular and the airfoil is chosen to be the NACA
0012 (symmetric) airfoil. The availability of experimental data for this problem (for straight leading edge
airfoil)27 is the primary reason to select this geometry.
Figure 4 shows the problem schematic in non-dimensional variables, where length is non-dimensionalized
by the airfoil chord (c0), velocity by the speed of sound, and density by the freestream density. The rod
and the airfoil are placed in tandem along the x direction, the span direction is along the z axis, and the
y direction is given by the right-hand rule. This arrangement is kept in a uniform, low-turbulence flow of
M∞ = 0.2 and airfoil chord-based Reynolds number, Rec = 4.8×105. Data is available for near-field velocity
spectra at two points: point A located at (−0.87c0, 0.05c0) and point B located at (0.25c0, 0.1c0). Measured
far-field sound pressure spectrum is available on a circular arc in the far field with a radius of 18.5c0.
-1.5 -1 -0.5 0 0.5 1 1.5
y
x
0.1 B (0.25, 0.1)
A (-0.87, 0.05)
Figure 4: A schematic showing the non-dimensional size and relative positions of the rod and the airfoil.
Length is scaled by the blade chord, c0.
Figure 5 shows snapshots from a time-accurate simulation (described later) to illustrate the flow. Quasi-
periodic wake shedding from the rod convects with the flow and impinges on the downstream airfoil. The
fluctuating vorticity in the inflow to the airfoil generates unsteady pressure distribution, hence lift over the
airfoil, which is a source of noise that is dipole in nature. Figure 5 shows approximately one wake shedding
cycle (wake shedding Strouhal number, St = fd/u∞ ≈ 0.2). Contours of magnitude of density gradient are
plotted to highlight the rod wake.
A. FDL3DI Simulations
1. Chimera Mesh for FDL3DI Simulations
The overlapping grid (Chimera) capability is exploited in developing the meshes for use with FDL3DI. Eight
simple individual meshes comprise the full mesh for the rod-airfoil problem. The rod and the airfoil are
discretized using O-meshes, where normal extrusion from the surface is used to refine the grid near the walls.
Each O-mesh (for the rod and the airfoil) is split into two meshes with overlapping boundaries to convert
them into regular H-meshes in the computational space. Three background H-meshes are used to mesh the
space between the rod and the airfoil, and the space upstream and downstream of the rod-airfoil system. The
boundaries of the overall mesh and the individual meshes as well as the overlapping region between individual
meshes are shown in Fig. 6. A minimum of 5 point overlap is required by the FDL3DI solver to ensure high-
order accurate interpolation between individual meshes. Similar interpolation is performed between blocks
when domain decomposition is used to split individual meshes into multiple blocks for parallel execution.
NASA’s PEGASUS software is used to perform hole cutting and identifying overlapping (fringe) points. The
BELLERO software by the Air Force Research Laboratory (AFRL) is used to compute high-order accurate
interpolation weights.
Meshing for Serrated Airfoils A semi-automated procedure is developed to generate Chimera meshes
for serrated airfoils. The grids for the baseline NACA 0012 airfoil are adapted (using scaling and projection)
to generate volume meshes for the serrated airfoils. Only the O-grid around the airfoil is altered between the
baseline and serrated geometries. The remaining grid blocks stay exactly the same while ensuring a 5-point
overlap and high-order interpolation between blocks takes care of information transfer across the blocks. In
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(a) t = 0.000× T (b) t = 0.125× T
(c) t = 0.250× T (d) t = 0.500× T
(e) t = 0.625× T (f) t = 0.750× T
(g) t = 0.875× T (h) t = 1.000× T
Figure 5: Contours of magnitude of gradient of density through one cycle of vortex shedding.
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(a) Mesh boundaries (b) Overlapping grids (c) Zoom view of overlapping grids
Figure 6: Overset (Chimera) grid used with FDL3DI for the rod-airfoil problem: (a) boundaries of individual
meshes, (b) overview of overlapping grids, and (c) zoom view of the overlap region between the airfoil O-mesh
and the H-mesh.
order to use a semi-analytic approach, a functional form of the airfoil surface definition is required; for the
NACA 0012 airfoil, this functional form is
y
c
= 5.0
t
c
[
0.2969
(x
c
)1/2
− 0.1260x
c
− 0.3516
(x
c
)2
+ 0.2843
(x
c
)3
− 0.1036
(x
c
)4]
, (3)
where y/c is the half-thickness of the airfoil at the location x/c (the origin of the coordinate system is at the
leading edge of the airfoil), and t/c denotes the thickness-to-chord ratio (0.12 for the 12% thick NACA 0012
airfoil).
Sinusoidal serrations are defined with the closed-form analytical functions described below. The airfoil
chord along the span direction is varied as:
c(z) = c0
[
1 +A cos
(
2piz/Lz
λz
)]
, (4)
where A is the non-dimensional peak amplitude of the serrations, c0 is the chord of the baseline airfoil, Lz
is the span length in the simulation, and λz is the serration wavelength. With chord defined by Eq. 4, the
coordinates of a “serrated” airfoil (x′s, y
′
s) are obtained using the coordinates (xs, ys) of the baseline NACA
0012 airfoil with the following relations:
x′s
c0
= 1−
(
1− xs
c0
)
[1 + αLE(c/c0 − 1)] ,
y′s
c0
=
ys
c0
[1 + αLE(c/c0 − 1)] , (5)
where αLE varies linearly from 1 at the leading edge of the airfoil to 0 at xs/c0 = 0.40. Serration amplitude
A is restricted to be less than 0.25. The spanwise coordinate remains unchanged, i.e., z′s = zs.
With serrated airfoil surface coordinates defined by Eq. 5, the volume grid points (x′v, y
′
v) for the serrated
geometries are obtained by scaling the volume grid points for the baseline geometry (xv, yv) as follows.
x′v = xv + σ (x
′
s − xs),
y′v = yv + σ (y
′
s − ys), (6)
where 0 ≤ σ ≤ 1 is a scaling factor that is 1 at the first radial grid line (ξ = 1) in the O-grid block around
the airfoil and 0 in the middle of the domain (ξ = Nξ/2); ξ is the radial coordinate in the computational
grid.
Geometries and Surface Meshes Two different serrated leading edge (SLE) blade designs are analyzed
in addition to the baseline blade. The span length of all the simulated models is 30% of the airfoil chord
(Lz = 0.3× c0). For the two SLE designs, the non-dimensional amplitude of the serrations is kept the same,
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A = 0.1, but the wavelength in the span direction, λz is varied. For SLE 1, λz = 1 and for SLE 2, λz = 0.5.
Figure 7 shows the baseline, SLE 1, and SLE 2 designs with the corresponding surface meshes. Since the
meshes for SLE designs are creating by morphing the mesh for the baseline geometry, all the meshes have the
same number of points, Nξ, Nη, Nζ . In fact, the meshes are identical in the computational space, (ξ, η, ζ);
only the Jacobian matrices of the transformation (x, y, z)→ (ξ, η, ζ) are different between the different grids.
(a) Baseline (b) SLE 1 (c) SLE 2
Figure 7: The baseline and the two serrated leading edge (SLE) blade designs investigated using FDL3DI.
Baseline Airfoil Results and Comparison with Data FDL3DI simulations are started with an
initial potential flow solution that is obtained using a 2-D panel code. The time step for the simulations is
selected as ∆t = 4× 10−5 units, which gives a CFL value less than 1. The Strouhal number, St for cylinder
wake shedding is ∼ 0.2 (from experiments). Approximately 12 wake shedding cycles are simulated to get rid
of the transients from the simulations prior to data sampling. The FDL3DI simulation results presented here
are based on approximately 10 wake shedding cycles of sampled data. While the amount of sampled data is
not enough to carefully analyze the tone in the data at St ∼ 0.2, it is sufficient for performing comparisons
between designs.
Figure 8 shows two snapshots of the flow and acoustic fields from the FDL3DI simulation for the baseline
geometry. Figure 8 (a) is an iso-surface plot, showing surfaces with constant value of Q-criterion. In a vortex,
Q = 0.5(|Ω|2 − |S|2) is greater than 0, where Ω and S are vorticity and rate-of-strain tensors respectively,
and |T | denotes the Euclidean norm of the tensor T . The figure illustrates the larger (of the order of rod
diameter) cylinder wake structure as well as its evolution and disintegration into smaller turbulent eddies.
Interaction of these turbulent eddies with the downstream airfoil produces broadband noise. The acoustic
field resulting from the interaction is shown in Fig. 8 (b), which plots contours of fluid dilatation, ∇.v, on
a x − y plane. The dipole nature of the acoustic source is evident in the far-field acoustic field, with the
dipole oriented along the y direction. The acoustic field is dominated by the tone at peak Strouhal number,
St ≈ 0.19.
Mean Flow and Near-Field Spectra Comparisons: The mean aerodynamic pressure coefficient C¯P =
(p¯− p∞)/q∞ is compared between FDL3DI predictions and experiments in Fig. 9. C¯P is further averaged in
the span direction and this quantity is denoted by 〈C¯P 〉. The predictions accurately capture the pressure drop
as well as the location (angle = 70o) where the laminar boundary layer separates. In the wake region (angle
> 90o), the predicted value of 〈C¯P 〉 is lower than the measurements, suggesting that the predicted mean
velocity is higher than measured. Figure 10 compares time-averaged velocity profiles between predictions
and data at three locations dowstream of the rod. The agreement is reasonable despite the scatter in the
simulated data.
Figure 11 compares the near-field velocity power spectral densities between the FDL3DI predictions and
the measured data. Comparisons are made at two locations: point ‘A’ (−0.87c0, 0.05c0) and point ‘B’
(0.25c0, 0.1c0). Point ‘A’ is located immediately downstream of the cylinder in the shear layer emanating
from the upper surface of the cylinder. Point ‘B’ is located above the airfoil at the quarter-chord location. The
spectra are calculated for each spanwise location and then averaged across the span to obtain the prediction
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(a) Iso-surfaces of Q-criterion (b) Acoustics field
Figure 8: Snapshopts from the FDL3DI simulation of the baseline airfoil geometry: (a) hydrodynamic flow
field illustrated using iso-surfaces of Q-criterion (Q = 25) with contours colored by the magnitude of density
gradient, and (b) farfield acoustics shown using fluid dilatation, ∇.v.
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Figure 10: Comparisons of time-averaged x-component of velocity, ˜¯u between FDL3DI and experiments for
the baseline geometry.
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results shown in Fig. 11. Spanwise averaging results in a considerable reduction in statistical scatter, which
would otherwise be quite considerable as only about 8 periods of wake shedding data is sampled in the
simulations.
The agreement between data and predictions is remarkable at Point ‘A’. The peak at St ∼ 0.2 (= f1) is
accurately captured. The harmonics, f2 = 2× f1 and f3 = 3× f1 are also clearly visible in the simulations.
The spectral shape is very well predicted. The predicted spectrum at Point ‘B’ agrees overall with the shape
of the measured spectra, however the predicted tone at f1 is not as crisp. The agreement is expected to
improve with increased frequency resolution obtained by sampling the simulation data over a longer time.
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Figure 11: Comparisons for the baseline case of power spectral densities of the x-component of velocity, Suu
at points ‘A’ and ‘B’ between FDL3DI predictions and experimental data. The schematic in Fig. 4 shows
the locations of points ‘A’ and ‘B’.
Results for Serrated Airfoils The primary sources of noise in this problem are the dipoles associated
with the unsteady lift on the airfoil and the rod. Experiments with and without the airfoil have shown that
the unsteady lift on the airfoil dominates the overall radiated noise.27 The focus therefore is on unsteady
surface pressures on the airfoil surfaces. Figure 12 compares the predicted r.m.s. of unsteady pressure on
the top airfoil surface for the baseline, SLE 1, and SLE 2 geometries. The highest r.m.s. pressure is located
in a small band at the leading edges of the blades. This confirms that the noise observed in the simulations
is indeed leading edge noise.
Comparison across geometries shows no indication of reduced r.m.s. pressure with leading edge serrations.
Both SLE 1 and SLE 2 show similar, if not slightly higher levels of r.m.s. surface pressure as the baseline
geometry. There is some reduction in peak r.m.s. pressure in the regions between the peaks and valleys of
the serrations, however, considering the increased length of the leading edge due to the added curvature,
this reduction is very small. This suggests that the reduction in noise in the far field is probably coming
from phase variation (spatial-de-correlation) along the span due to the curvature of the leading edge. This
hypothesis remains to be verified.
B. OpenFoam Simulations
1. Meshes for OpenFoam Simulations
The meshing strategy for incompressible simulations using pimpleFoam is similar to that described in Agrawal
and Sharma.20 The structured volume mesh is generated using the Pointwise software (www.pointwise.com/
pw) in a four step process: (1) create surface meshes for the rod and the wing, (2) using normal extrusion,
create volume meshes around both geometries suitable for capturing boundary layers, (3) create a mid-section
block connecting the volume mesh blocks around the rod and the wing, and (4) create a volume mesh around
these three blocks all the way to the farfield boundary. Each of these steps require careful assessment of
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(a) Baseline (b) SLE 1 (c) SLE 2
Figure 12: Predicted root mean square (rms) of pressure on airfoil surfaces for the baseline, SLE 1, and SLE
2 geometries.
quality parameters in order to obtain a good final mesh which can be used with pimpleFoam. The first
step for straight leading-edge wing is straightforward. Wings with serrated leading edges however require
multiple iterations of the entire meshing process to ensure that the surface quadrilateral elements are of good
quality. In particular, ensuring near-orthogonal meshes is very challenging to achieve. The total number of
cells in the grid is approximately 19 million for the straight-edge and serrated leading edge geometries. Also,
the first cell height is also kept the same at 4× 10−5 in non-dimensional units to give approximately y+ = 1.
2. Results from OpenFoam Simulations
Grid Convergence A grid convergence study is carried out with three mesh sizes with number of cells
of 10-, 19-, and 64 million. The different meshes are generated by using different growth ratios for normal
extrusion. Figure 13 (a) and (b) show the averaged mean coefficient of pressure (C¯P ) on the rod surface
and the power spectral density of x-component of velocity (Suu(ω)) at Point ‘B’ respectively. Both C¯P and
Suu(ω) are further averaged along the span to give: 〈C¯P 〉 and 〈Suu〉 respectively; the angular brackets denote
spanwise averaging. These plots demonstrates reasonable grid independence when the mesh size is chosen to
be 19 million cells. Hence, the straight-edge (baseline geometry) case is analysed using the 19 million mesh
and the mesh for the serrated leading edge case is constructed using the same parameters.
Baseline Airfoil and Comparison with Data Figure 14 (a) and (b) compare the span-averaged mean-
and r.m.s. of x-component of velocity respectively at the spatial station x = −0.255. The momentum deficit
and high turbulence in the wake are well predicted. Figure 15 (a) and (b) compares the PSDs of the x-
component of velocity between predictions and measurements at points ‘A’ and ‘B’ respectively. There is
an excellent match of peak frequency and the broadband spectra. The predicted tones/peak however are
broader (spread out over a larger frequency range than experiments), which is being investigated.
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Figure 13: Grid independence study: time- and span-averaged coefficient of pressure (〈C¯P 〉) on the rod and
similarly averaged PSD of the x-component of velocity at Point ‘B’.
Figure 16 (a) and (b) compares the farfield noise spectra using standard Kato’s correction and a new
modified correction respectively. Both shows an excellent match of peak frequency and the improved cor-
rection gives and excellent match of peak amplitude as well. The improved correction uses the fact that
spanwise coherence varies with frequency and at peak shedding frequency the coherence length is larger than
simulation length. Thus, a correction of 20 dB is used in a neighborhood of peak shedding frequency and a
correction of standard 10 dB is used elsewhere. This neighborhood is determined by computing coherence
lengths for each frequency. Unlike velocity spectra, the predicted noise spectrum does not show artificial
spectral broadening around the peak frequency.
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Figure 14: Profiles of span-averaged mean and r.m.s. of the x-component of velocity at x = −0.255c0.
Analysis of Serrated Leading Edge Designs One geometry with leading edge serrations edge is
analyzed for noise reduction. The serrations are defined by a sinusoid curve with a wavelength of 0.3 c and
amplitude of 0.06 c, thus having one serration in the computational domain. The geometry is constructed
by scaling the airfoil only towards the leading edge rather than scaling the entire airfoil. This ensures that
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Figure 15: Comparisons between OpenFoam predictions and measurements of x-component of velocity PSDs
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Figure 16: Comparisons between OpenFoam predictions and measurements of pressure PSD in farfield at
(0, 18.5c0).
geometric modifications due to these serrations directly affect the flow only in the favorable pressure gradient
region near the airfoil leading edge.
Figure 17 compares the sound power spectral density (PSD) between the baseline (straight-edge) and
the serrated leading edge wing design. The PSDs are computed at a point in the far field. Noise reduction,
of the order of approximately 5 dB, is observed in the mid-to-high frequency range for this particular SLE
design.
IV. Conclusions
The effectiveness of bio-inspired blade designs in reducing aerodynamic noise is assessed using large eddy
simulations. The particular feature investigated here is the unique comb-like structure (serrations) found on
the leading edge of the tenth primary feather of owl wings. Simplified blade designs, representative of the
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Figure 17: Comparison of predicted power spectral densities (PSDs) of acoustic pressure 18.5 chords away
from the leading edge of the wing for baseline and a serrated leading edge wing. The figure on the right
shows the reduction in PSD (a +ive value denotes noise reduction) due to serrations.
comb-like structure of owl feathers, are developed using analytical descriptions. The analyses is conducted
using two different large eddy simulation software - FDL3DI and OpenFoam. Results from both software
are first validated against measurements of mean surface pressure, near-field velocity spectra, and far-field
spectra. Two different owl-inspired designs are investigated numerically. Initial numerical results show a
reduction of the order of 5 dB in broadband noise in the mid-to-high frequency range due to the leading
edge serrations, however the tonal noise at the fundamental wake-shedding frequency (St ∼ 0.2) is found to
remain unaffected.
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